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I.  INTRODUCTION  AND  OBJECTIVES 


Chemical  reactions  in  condensed  matter  inevitably  involve  continuum  mechanics  and  thermodynam¬ 
ics.  When  the  reactions  are  exothermic  and  fast,  large  amplitude  wave  propagation  is  involved  and 
the  relations  among  the  aforementioned  processes  are  so  intimate  that  cause  and  effect  are  difficult  to 
separate  —  passage  of  the  shock  wave  initiates  the  reaction  and  the  reaction  drives  the  shock  wave. 
Both  the  shock  wave  and  the  reaction  influence  the  temperature  and  pressure  history  of  a  mass  ele¬ 
ment  participating  in  the  reaction. 

Detonation  is  the  best  known  example  of  such  a  reaction.  It  has  been  studied  for  over  a  hundred 
years,  but  most  effort  has  gone  into  understanding  continuum  mechanics  aspects,  with  moderately 
sophisticated  thermodynamics,  primitive  treatment  of  chemical  reaction  theory,  and  almost  no  atten¬ 
tion  to  molecular  processes.  In  consequence,  progress  in  understanding  the  total  reaction 
phenomenon  has  been  slow. 

During  the  last  thirty  years  a  substantial  amount  of  information  has  accumulated  on  non-explosive 
reaction  in  shock  waves.20  This  work  has  been  done  in  Australia,  Japan,  the  USA,  and  the  Soviet 
Union.  It  suggests  that  the  effects  of  a  shock  wave  in  producing  chemical  reactions  go  beyond  the 
simple  effects  of  pressure  and  temperature.  This  has  been  labeled  the  "catastrophic  shock  effect"  by 
R.A.  Graham.19.  There  may  be  direct  interaction  between  the  shock  front  and  the  individual 
molecules  which  influences  their  chemical  states.  There  are  certainly  large  numbers  of  structural 
defects  produced  in  the  shock,  and  these  may  serve  as  nucleation  centers  for  initiation  of  reactions, 
or  they  may  otherwise  affect  the  course  of  the  reaction. 

There  are  also  large,  heterogeneous  electric  fields  and  charge  distributions  in  insulating  solids,  and 
probably  in  liquids  too.  These  may  be  expected  to  be  altered  in  the  shock  front  and  to  contribute  to 
the  total  reaction  process. 

Plausible  mechanisms  of  direct  interaction  between  shock  front  and  molecules  include  direct  transfer 
of  energy  to  particular  modes,  molecular  deformation  through  impact,  and  torsion  of  large  molecules. 
Such  interactions  are  strongly  dependent  on  rise  time  in  the  initiating  shock,  which  may  be  the  order 
of  10~12  seconds  in  some  circumstances. 


Research  under  this  contract  has  addressed  these  problems  of  shock  wave  chemistry  by  means  ot 
dynamic  time-resolved  measurements  made  on  samples  as  they  were  being  compressed.  Substances 


studied  have  been  exclusively  liquid;  methods  have  involved  mechanical  and  electrical  measurements 
at  first  and  optical  spectroscopy  later  on.  The  novelty  of  this  research  has  required  that  considerable 
effort  be  directed  to  the  development  of  new  experimental  techniques.  A  reasonably  complete  study 
has  been  conducted  on  carbon  disulfide,  and  a  limited  survey  has  been  made  of  sixteen  other  liquids, 
most  of  them  organic.  More  complete  statements  of  the  shock  chemistry  problem  will  be  found  in 
references  1-4. 


II.  EXPERIMENTAL  METHODS 

Research  on  this  contract  has  been  sharply  divided  into  two  major,  distinct  phases.  The  first  phase, 
consisting  of  mechanical  and  electrical  measurements  on  shocked  liquid  carbon  disulfide,  was  ini¬ 
tiated  and  executed  by  Stephen  A.  Sheffield  (presently  at  Los  Alamos  National  Laboratory).  Experi¬ 
mental  details  of  his  work  have  been  reported  in  great  detail  in  his  thesis7  and  in  somewhat  less  detail 
in  reference  1 5.  This  work  provided  vital  information  for  the  second  phase  of  the  work,  electronic 
spectroscopy  in  the  visible  and  ultraviolet  regions.  The  success  of  the  latter  experiments  represents 
the  culmination  of  research  supported  under  this  contract,  and  this  section  will  be  devoted  to  that 
phase  of  the  general  problem  of  shock-induced  reactions. 

Details  of  the  spectroscopy  experiments  have  been  described  in  references  listed  at  the  end  of  this 
report,  particularly  reference  3.  The  scheme  of  the  experiments  is  indicated  in  Figures  1-411 12 . 

Figure  1  shows  the  layout  of  the  50  foot  long  gas  gun  which  accelerates  a  one  kilogram  projectile  to 
the  velocity  necessary  to  produce  the  desired  pressure.  The  breech  containing  high  pressure  gas  is  at 
the  left.  The  target  chamber  is  at  the  right,  and  the  sample  is  mounted  in  a  target  holder  at  the  end 
of  the  barrel.  The  projectile  and  target  are  shown  in  the  sketches  of  Figure  2.  The  four-inch  diame¬ 
ter  projectile  has,  mounted  on  its  face,  a  slotted  aluminum  cylinder  which  supports  3  one-inch  diame¬ 
ter  sapphire  impactor.  At  the  base  of  the  cylinder,  and  inside  it,  is  a  front-surfaced  mirror  mounted 
at  an  angle  of  45’  to  the  projectile  axis.  At  the  moment  of  impact  of  impactor  and  target  the  Xc  flash 
lamp  mounted  in  the  target  is  directly  opposite  the  slotted  cylinder.  Light  from  the  lamp  falls  on  the 
45’  mirror  and  is  directed  through  the  impactor,  through  the  cell  contained  in  the  target,  and  hcncc 
to  a  spectrograph  and  streak  camera.  The  cell  consists  of  a  thin  layer  of  liquid  encased  in  a  cylindri¬ 
cal  brass  shell  and  bounded  front  and  back  by  sapphire  disks,  F  and  B,  as  shown  on  the  right  side  of 
the  figure.  The  target  holder  is  adjusted  before  the  experiment  so  that  the  tilt  between  the  plane 
faces  of  impactor  and  cell  face  is  less  than  0.5  milliradians. 
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The  impact  between  impactor  and  the  front  face  of  the  cell  produces  shock  waves  which  run  forward 
into  the  front  cell  piece  and  backward  into  the  impactor.  The  forward-running  wave  induces  a  shock 
wave  of  pressure  less  than  the  impact  pressure  when  it  reaches  the  liquid  sample.  There  follows  a 
series  of  reverberations  in  the  liquid  layer  between  front  and  back  sapphire  disks.  These  eventually 
bring  the  pressure  in  the  sample  up  to  the  impact  value.  The  pressure  buildup  in  a  100  micron  thick 
sample  of  carbon  disulfide  is  shown  in  Figure  3.  It  is  calculated  from  the  shock  wave  jump  condi¬ 
tions,  an  elastic  equation  of  state  for  sapphire,  and  an  equation  of  state  for  carbon  disulfide 
developed  by  S.A.  Sheffield  713.  The  accuracy  of  this  calculation  has  been  confirmed  in  a  series  of 
experiments  described  in  references  8  and  14.  Experiments  in  this  configuration  are  limited  in  pres¬ 
sure  to  less  than  approximately  130  kbars  because  sapphire  begins  to  lose  transparency  at  that  pres¬ 
sure. 

The  records  obtained  in  these  experiments  are  illustrated  in  Figure  4b  where  time  increases  upward, 
wave  length  increases  from  right  to  left  and  transmitted  light  intensity  is  indicated  by  the  brightness 
of  the  image. 


III.  ACCOMPLISHMENTS 

3.1  Experimental  Techniques 

3.1.1  Mechanical  Measurements 

The  development  of  new  techniques  has  been  a  major  part  of  this  research.  There  have  been  earlier 
attempts  to  obtain  transmission  and  reflection  spectra  of  shock-compressed  samples,  but  they  were 
marginally  successful  at  best.  They  did  reveal  some  of  the  important  difficulties  of  such  experiments, 
thus  making  it  possible  to  more  effectively  direct  our  efforts  in  this  research. 

The  initial  work  by  Sheffield715  involved  only  mechanical  and  electrical  measurements,  but  it 
represented  the  first  work  reported  on  quantitative  dynamic  measurements  in  a  shock-induced  reac¬ 
tion.  It  involved  the  following  novel  elements: 

•  Cell  design  for  liquids  containing  multiple  EMV  (particle  velocity)  gages. 


•  Use  of  a  reflected  shock  to  drive  the  sample  into  the  reacting  region  with  step  increases  in  pres¬ 
sure  and  temperature. 

•  First  observation  of  a  double  shock  in  CS2. 

•  First  observation  of  a  decaying  precursor  in  a  reacting  material. 

•  First  observation  of  quasi-periodic  electrical  signals  associated  with  shock  induced  chemical 
reaction. 

•  First  measurements  of  variations  with  pressure  and  temperature  of  chemical  kinetic  parameters 
in  a  shock-induced  reaction. 

•  First  observation  of  induction  time  in  a  shock-induced  reaction. 

•  Use  of  induction  times,  particle  velocity  decay  at  a  CS2  sapphire  interface,  precursor  decay, 
reaction  wave  shape,  and  electrical  noise  decay  rate  to  obtain  measures  of  chemical  kinetic 
parameters. 

Besides  these  novel  developments,  Sheffield  also  developed  complete  equations  of  state  for  both 
liquid  CS2  and  its  reaction  products.  The  former,  with  some  modifications,  has  stood  the  test  of  time 
very  well.  The  latter  has  not  been  investigated  further. 

3.1.2.  Spectroscopy 

The  development  of  successful  spectroscopy  techniques  was  a  direct  consequence  of  the  determina¬ 
tion  and  invention  of  K.M.  Ogilvie,  with  liberal  assistance  from  others  in  the  Shock  Dynamics 
Laboratory,  particularly  P.M.  Bellamy91112  Some  specific  accomplishments  in  this  aspect  of  the 
research  were: 

•  Measurements  of  spontaneous  light  emissions  from  target  compounds,  including  PMMA  and 
"black"  PMMA.  Both  emit  light  in  substantial  quantities  when  shocked,  but  the  latter  is  more 
active  than  the  former.10 


»  Use  of  an  unshocked  reflector  behind  the  impactor  in  order  to  avoid  degradation  of  the  reflec¬ 
tor  surface  by  shock,  which  has  been  commonly  experienced  in  attempted  reflection  spectros¬ 
copy. 

•  Development  of  a  disposable  Xe  flash  lamp  for  use  in  transmission  experiments. 

•  Quantitative  development  of  reverberating  shock  experiments  in  thin  cells  to  obtain  measures  of 
spectral  change  vs.  pressure  and  temperature. 

•  Development  of  a  method  for  imbedding  a  flash  lamp  in  the  projectile  for  transmission  spectra. 

•  Development  of  a  method  for  mounting  a  flash  lamp  on  the  target  for  transmission  spectra. 

•  Development  of  procedures  for  measuring  the  electrical  resistivity  of  a  shocked  liquid  in  a  thin 

ceil. 

•  Development  of  a  method  for  near-isothermal  dynamic  compression  in  a  thin  cell. 

•  Development  of  procedures  for  measuring  the  reversibility  of  shock-induced  reactions  when 
pressure  is  suddenly  released. 

Detailed  descriptions  of  these  procedures  can  be  found  in  references  at  the  end  of  the  report,  partic¬ 
ularly  references  3,7,9,  and  16. 

3.2  Results 

3.2.1.  Summary  of  Observations  in  CSj 

Most  of  the  work  done  during  the  course  of  this  contract  has  been  on  liquid  CS^.  Fiscal  year  1685 

was  devoted  principally  to  exploration  on  other  liquids,  and  these  are  best  understood  with  CS~ 

results  as  reference.11-12  A  listing  of  experiments  in  CS-,  grouped  according  to  phenomena  described 


is  contained  in  Table  I. 
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The  absorption  spectrum  of  a  160  micron  thick  layer  of  CS2  obtained  with  a  spectrometer  is  shown 

0 

in  Figure  4a.  The  position  of  the  3500  A  absorption  edge  shown  in  the  figure  varies  with  pressure 
and  temperature.  In  the  experiments  reported  here  the  spectrum  of  CS-,  as  it  is  shocked  is  recorded 
on  film  by  means  of  spectrograph  and  streak  camera,  and  variations  of  the  band  edge  position  are 
correlated  with  time,  pressure  and  temperature.  The  records  consist  of  photographic  Films  in  which 
film  density  varies  with  wave  length  and  time  while  pressure  changes.  A  copy  of  one  of  the  records 
is  shown  in  Figure  4b.  Time  in  this  figure  increases  vertically  upward  and  wavelength  increases  hor¬ 
izontally  from  right  to  left.  The  band  edge  of  interest  is  shown  on  the  right  at  approximately  3600  A 
before  the  shock  reaches  the  sample.  The  Hash  lamp  is  turned  on  at  the  bottom  of  the  figure,  and 
approximately  280  nsec  later  at  point  A,  the  shock  wave  enters  the  CS-,  sample.  When  it  does  so.  the 
band  edge  takes  a  step  to  the  left  by  an  amount  approximately  proportional  to  the  pressure.  As  pres¬ 
sure  in  the  cell  rings  up  to  its  final  value  (as  in  Figure  3),  the  band  edge  steps  to  the  left  at  each 
shock  reflection.  Pressure  has  nearly  reached  its  final  value  when  the  band  edge  is  at  5100  A  .  indi¬ 
cated  by  the  dark  vertical  line  through  the  figure.  Pressure  remains  constant  during  the  next  250 
nsec  while  the  band  edge  shifts  farther  then  regresses  to  a  more  or  less  constant  value.  At  the  end  of 
the  period  a  refected  rarefaction  from  the  back  face  of  the  cell  reaches  the  CS-,  and  produces  a 
rapid  decrease  in  pressure.  This  is  accompanied  by  a  reversal  of  the  band  edge  shift.  Pressure  rings 
down,  but  has  not  yet  returned  to  zero  when  the  experiment  is  terminated  by  fracture  of  fash  lamp 
or  sapphire. 

By  comparing  calculated  curves  of  pressure  vs.  time,  as  in  Figure  3.  with  measured  values  of  band 
edge  position  from  records  like  that  of  Figure  4b.  it  is  possible  to  construct  the  curve  shown  in  Fig¬ 
ure  5.  The  ordinate  in  this  figure  represents  the  shift  of  wave  length  in  Angstroms  produced  by  a 
given  pressure,  plotted  as  abscissa  in  the  figure.  The  points  shown  are  measured  and  represent  five 
different  experiments  with  different  impact  pressures  and  different  sample  thicknesses.  These  were 
selected  from  experiments  listed  in  Table  IA  as  having  the  most  perfect  registration  between  steps  in 
band  edge  and  steps  in  pressure.  This  type  of  loading  is  denoted  "SWL"  or  "Step  Wise  Loading".  It 
refers  to  "thick  cell"  experiments,  thickness  being  in  the  range  1 00  to  300  microns.  The  curve  shown 
represents  a  least  squares  fit  to  the  points: 

AA( A)  =  26.75p  -  0.2554p:  +  0.00225p:  ill 

with  p  in  kilobars.  It  represents  the  measurements  quite  well,  as  can  be  seen  from  the  figure.  Some 
of  the  differences  between  measured  and  fitted  values  may  be  due  to  variation  in  impact  pressure 
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and  the  resulting  variation  in  temperature  with  pressure.  Equation  (1)  should  not  be  used  tor  p 
greater  than  89  kilobars  because  the  nature  of  the  reaction  process  changes  at  that  pressure. 

3.2.1.1  Reversible  and  Irreversible  Reactions 

When  impact  pressure  is  less  than  89  kilobars,  the  reaction  represented  by  band  edge  shift  appears  to 
be  completely  reversible.  This  is  suggested  by  Figure  4b  and  confirmed  in  other  experiments  in 
which  pressure  falls  to  zero  before  the  experiment  is  terminated.  Table  IB  and  Table  II.  There  is  a 
residual  displacement  of  the  band  edge  at  zero  pressure,  but  it  has  the  magnitude  expected  from  resi¬ 
dual  temperature  which  exists  because  of  the  dissipative  character  of  shock  compression.  When 
impact  pressure  exceeds  89  kilobars,  the  band  edge  continues  to  shift  toward  the  red  after  pressure 
has  become  essentially  constant.  The  rate  of  shift  increases  monotonically  with  overpressure  above 

O  ... 

89  kilobars,  and  the  band  edge  eventually  goes  off  scale  at  about  7000  A.  This  is  illustrated  in  Fig¬ 
ure  6. 

Reference  to  Table  IB  shows  how  reaction  rate  is  related  to  band  edge  reversal.  Shot  no.  84-045  at 
89.3  kilobars  shows  no  band  edge  reversal  when  pressure  is  released.  No.  84-049  at  90.2  kilobars 
shows  partial  reversal.  The  difference  is  that  the  pressure  release  in  84-045  was  delayed  approxi¬ 
mately  200  nsec  relative  to  84-049  because  of  the  thicker  back  window.  The  curves  of  Figure  6  seem 
to  show  two  different  reaction  rates.  Both  can  be  distinguished  at  89.3  and  91.1  kilobars  (Table  IB). 
The  second,  and  larger,  reaction  rate,  expressed  in  Angstroms  per  nanosecond,  is  approximately  4 
(  p  -  88.6)  for  p  >  88.6  kilobars.  The  first,  which  is  not  distinguishable  at  93  kbs  and  above,  is 
approximately  2.5  (p  -  88.6)  A/ nsec.  If  pressure  is  released  before  the  band  edge  goes  off  scale,  the 

O  . 

edge  returns  toward  the  blue.  Its  final  position  lies  above  3500  A  by  an  amount  which  appears  to  be 
a  measure  of  progress  of  the  irreversible  reaction. 

These  remarks  apply  to  the  time  scale  of  these  experiments.  The  results  of  static  measurements  per¬ 
formed  by  Agnew  and  Swanson  at  Los  Alamos  show  that  the  static  pressure  threshold  for  irreversible 
reaction  is  about  80  kilobars  at  room  temperature,  which  is  lower  than  the  value  we  report17  at 
elevated  temperatures.  This  implies  that  reaction  in  dynamic  experiments  is  proceeding  from  a  meta¬ 
stable  state,  and  that  reaction  paths  may,  therefore,  differ  from  those  recorded  in  quasi-static  experi¬ 


ments. 


3.2.1.2  Pressure  and  Temperature  Effects 

By  heating  or  cooling  the  sample  before  it  is  shocked  it  is  possible  to  vary  the  AA  vs  P  curve  shown 
in  Figure  5.  From  such  measurements  the  effects  of  pressure  and  temperature  can  be  separated.  The 
results  of  such  experiments  can  be  accurately  expressed  by  the  following  relation  among  band  edge 
position  (A),  pressure  ( P ),  and  temperature  (T):18 

A(X)  =  E  E  a mrr  (2) 

o=0  *»=o 

where  X  -  T  (°K)  -  295 

3550  .379  7.47  x  lO-4 

.  12.15  .0492  -4.38  x  I0-6 

A m  *  -132  -5.11.x  10~*  5.58.x  10"7 

1.69  x  10-3  0  0 

and  P  is  in  kilobars. 

The  range  of  validity  of  this  expression  is: 

0  <  P  <  10  kb 
200  <  T  <  730  °K 

Within  this  range  it  represents  measurements  with  an  error  less  than  1%.  This  equation  also  encom¬ 
passes  the  static  measurements  at  room  temperature  reported  by  Agnew  and  Swanson  (op  cit).  The 
A ,P,T  surface  is  shown  in  Figure  7. 

3.2.1.3  Dilution 

When  diluted  in  hexane  or  ethanol,  the  band  edge  shift  is  well  represented  at  50  kbars,  for  moderate 
dilution,  by  the  straight  line: 

AA(  A)  =  200  +  800.x 


where  x  is  volume  fraction  of  CS-<,  x  >0.1.  When  the  CS2  fraction  is  less  than  10%  the  curve  turns 
downward  rapidly  and  AA  appears  to  vanish  at  infinite  dilution,  though  it  is  likely  that  some  small 
effect  remains.  These  results  show  conclusively  that  the  observed  reactions  are  exclusively  con¬ 
densed  matter  reactions.  Data  are  shown  in  Figure  8  and  Table  ID. 

3.2.1. 4  Thin  Cell  Experiments 

These  are  listed  in  Table  IE.  The  original  reason  for  reducing  sample  thickness  was  to  reduce  total 
absorption  enough  that  band  shape  could  be  measured.  This  occurred  at  cell  thicknesses  of  1  micron 
or  less,  but  cooling  of  the  CS-,  by  conduction  to  sapphire  turned  out  to  be  a  problem  in  such  cells. 
There  is  an  additional  reason  for  using  thin  cells,  and  that  is  to  decrease  the  compression  time.  It 
then  becomes  necessary  to  do  a  series  of  experiments  to  determine  how  thick  a  cell  must  be  if  cooling 
effects  on  the  spectrum  are  to  be  avoided.  A  10  micron  thick  sample  is  "thick"  for  SWL  loading;  the 
necessary  thickness  for  ramp  loading  depends  on  rise  time  of  the  ramp.  Eight  microns  is  thick  for  a 
70  nsec  ranp.  Thirty  microns  is  thick  for  a  340  nsec  ramp. 

An  unexpected  result  of  these  experiments  is  that  compression  of  a  one  micron  thick  sample  with  a 
340  nsec  ramp  is  essentially  isothermal.  That  is,  displacement  of  band  edge  with  pressure  for  such  an 
experiment  is  indistinguishable  from  values  obtained  by  static  compression  at  room  temperature.17 
This  suggests  the  possibility  for  development  of  an  isothermal,  dynamic  pressure  gauge  based  on 
transmission  spectroscopy. 

3.2.1.5  Reflection 

Reflected  spectra  show  that  CS2  under  the  loading  described  here  behaves  like  a  poorly  conducting 
metal  at  wavelengths  shorter  than  that  of  the  band  edge.  At  longer  wavelengths  it  is  transparent,  at 
least  in  the  region  of  reversible  reaction.  This  is  illustrated  in  Figure  9.  The  reflection  at  91  kb  is 
quite  intense  for  A  <  5000  A ;  that  at  60  kb  is  faint,  but  still  discernible. 

3. 2.1. 6  Conclusions 

Band  edge  shift  in  the  UV  and  visible  is  a  "good"  parameter  for  monitoring  reactions,  applying 
equally  well  to  single  shock,  multiple  shock,  and  isentropic  experiments  in  liquids. 

The  observed  reactions  are  multimolecular  and  do  not  occur  at  infinite  dilution. 
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The  extensive  observations  on  CS2  are  commensurate  with  a  process  wherein  rapid  compression  pro¬ 
duces,  reversibly,  platelets  of  an  electrically  conducting  substance  which  are  a  few  microns  in  diame¬ 
ter  and  a  few  tenths  of  a  micron  thick. 

Topological  constraints,  coupled  with  the  above  observations,  imply  that  there  are  at  least  three  iden¬ 
tifiable  reaction  stages  in  CS-,:  the  reversible  stage  described  above,  a  second  reversible  stage  in  the 
pressure  range  89-91  kilobars  which  absorbs  weakly  at  wavelengths  longer  than  5000  Angstroms;  and 
a  third  stage  which  is  irreversible  and  which  progresses  at  a  rate  that  increases  rapidly  with  pressure 
at  pressures  above  the  89  kilobar  critical  pressure.  Taken  together,  the  reflection  and  thin  cell  exper¬ 
iments  suggest  that  the  first  reaction  produces  a  conducting  polymer. 

3.2.2  Observations  on  Other  Liquids 

The  principal  reasons  for  diversion  of  research  effort  from  CS->  to  other  liquids  during  the  last  year 
of  this  contract  were  to  determine  whether  or  not  the  spectral  changes  observed  in  CS2  are  unique  to 
that  material  and  to  provide  some  guidance  to  other  compounds  which  may  also  undergo  major 
changes  as  a  result  of  stepwise  shock  loading.  A  secondary  objective  has  been  to  attempt  to  choose 
materials  whose  response  to  stepwise  loading  may  provide  some  clue  to  the  microscopic  chemical 
processes  which  are  occurring.  Compounds  examined  have  been  almost  exclusively  organic.  Stable 
and  metastable  compounds  have  been  included.  Materials  and  results  are  summarized  in  Table  II. 

The  entries  in  Table  II  are,  column  by  column: 

1.  Shot  number. 

2.  Sample  material. 

3.  Sample  thickness  in  microns. 

4.  Impact  pressure  in  kilobars. 

5.  Statement  of  pressure  reversal.  This  is  achieved  by  using  a  thin  sapphire  back  piece  to  the  cell 
and  allowing  the  rarefaction  from  its  free  surface  to  return  to  quench  the  sample. 
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6. 


7. 


This  is  the  apparent  band  edge  before  impact  shown  in  the  spectrograms. 

AA  is  the  amount  by  which  band  edge  is  shifted  toward  the  red  when  pressure  has  rung  up  to 
95%  of  the  impact  value.  When  >  appears  before  the  number,  it  implies  that  the  number  is  the 
recorded  shift,  but  the  preshock  absorption  edge  was  off  scale  in  the  UV. 


8.  (AA/Ar)p  is  the  rate  of  increase  of  band  edge  wave  length  afteT  pressure  levels  off.  Here  AA  is 
the  shift  toward  the  red  which  occurs  after  impact  pressure  is  reached  by  ring  up.  A t  is  the 
time  it  takes  for  this  shift  to  occur.  Their  ratio  is  assumed  to  be  a  measure  of  the  reaction  rate. 

3.2.2.1  Results 


i 


l 

> 


Table  I1A:  Pure  nitromethane  gives  no  indication  of  irreversible  reaction  at  125  kilobars,  even 

when  initially  heated  to  125’C.  Addition  of  a  small  amount  of  ethyl  diamine  pro¬ 
duces  an  observable  reaction  at  65  kilobars  and  a  very  fast  reaction  at  100  kilobars. 

The  solvents  hexane,  ethanol  and  CCI4  all  appear  to  be  totally  inert  at  110-120  kbars. 
Acetone  shows  a  small  effect  and  ethyl  iodide  a  much  larger  one.  In  neither  case  is 
there  evidence  of  a  continuing  reaction  at  constant  pressure. 

Table  IIB:  Styrene  shows  a  remarkable  sequence  of  progressing  reaction,  presumably  polymeri¬ 

zation,  as  pressure  is  increased,  with  the  reaction  irreversible  at  107  kilobars.  'At  65 
kilobars  it  appears  to  be  completely  reversible,  without  even  a  residual  temperature 
displacement.  Neither  dichloroethylene  nor  1 -hexane  shows  significant  excitation. 
Acrylonitrile  reacts  very,  very  fast. 

Table  IIC:  1,5-hexadiene  shows  little,  if  any  response.  2,4-hexadiene  exhibits  a  large  shift  fol¬ 

lowed  by  an  interval  in  which  band  edge  wavelength  oscillates  in  time. 

Table  IID:  2-butyne,  surprisingly,  shows  no  band  edge  shift  whatsoever  at  100  kilobars.  in  spite 

of  the  triple  carbon  bond. 


I 
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Table  IIE:  Both  benzene  and  nitrobenzene  produce  records  like  those  found  in  CS2  below  the 

reaction  threshold,  suggesting  that  higher  pressures  would  produce  irreversible  reac¬ 
tions.  This  is  particularly  interesting  because  of  observations  of  polymerization  of 
benzene  under  static  conditions. 

Table  IIF:  Two  experiments  in  water  display  broad  band  extinction  at  pressures  between  90 

and  115  kilobars,  but  transmission  is  unaffected  at  higher  and  lower  pressures.  This 
could  result  from  the  locus  of  p-T  states  passing  through  the  corner  of  a  region  of  a 
different  phase,  or  it  could  be  an  artifact  of  the  experiment. 

Hydrogen  iodide  responds  dramatically  to  compression.  The  first  shock,  about  10 
kilobars,  produces  a  noticeable  absorption  in  the  blue  and  blue  green,  as  might  be 
expected  from  formation  of  free  iodine.  The  second  shock  produces  an  immediate 
and  total  extinction  of  all  light  across  the  entire  observable  spectrum. 

3. 2.2.2  Discussion 

The  materials  listed  in  Table  II  have  not  been  investigated  in  depth,  as  has  CS.,,  and  the  indicated 
response  to  compression  should  be  taken  as  preliminary  only.  In  general,  it  appears  that  inorganics 
with  unsaturated  bonds  are  slightly  more  apt  to  react  than  those  with  saturated  bonds,  and  this  result 
is  in  accord  with  meager  static  data  that  is  available.  It  would  be  helpful  to  be  able  to  go  to  higher 
pressures,  but  to  do  so  would  require  extensive  investigation  of  optical  properties  of  components  at 
higher  pressures. 

Promising  candidates  for  more  detailed  study  at  pressures  below  130  kilobars  are  sensitized 
nitromethane,  styrene,  acrylonitrile,  2,4-hexadiene,  water,  and  hydrogen  iodide.  They  are  certainly 
interesting,  but  unless  further  data  becomes  available,  it  is  hardly  profitable  to  speculate  about  the 
processes  which  are  occurring.  A  more  complete  discussion  of  these  experiments  will  be  found  in 
reference  6. 
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IV.  CONCLUSIONS 

This  work  has  shown  that  it  is  possible  to  make  dynamic  measurements  in  chemically  reacting,  shock 
compressed  systems,  including  spectral  absorption.  The  spectral  effects  of  compression  in  some  sub¬ 
stances  are  very  large,  dramatic,  highly  reproducible,  and  unexplained.  It  is  evident  that  in  the  case 
of  CS2,  reversible  and  irreversible  reactions  are  generated  and  that  the  latter  start  from  metastable 
states  not  reached  in  static  experiments.  Other  than  this  metastable  aspect  and  rapid  response  there 
is  no  indication  that  parameters  other  than  pressure  and  temperature  are  involved  in  the  reactions. 
No  "catastrophic"  shock  effect  has  been  detected. 

Comparisons  with  static  measurements  suggest  that  the  phenomena  in  CSj,  at  least,  occupy  a  scien¬ 
tific  niche  which  is  contiguous  to  that  of  quasi-equilibrium  condensed  matter  chemistry,  but  suffi¬ 
ciently  different  to  provide  a  rich  field  for  future  research  and  expansion  or  modification  of  conven¬ 
tional  concepts. 
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Shot 

Number 

Cell 

Thickness, 

microns 

Projectile 

Velocity, 

mm/^sec 

Impact 

Pressure, 

kilobars 

HI 

Grating 

Lines/mm 

Writing 

Speed, 

mm//isec 

82-015 

180 

.323 

73.1 

3560 

600 

8.247 

82-018 

157 

.410 

93.1 

3560 

150 

8.68  -  8.74 

82-028 

1 16±4 

.342 

77.4 

3590 

150 

8.45 

82-031 

165±5 

.246 

55.4 

3630 

150 

8.428 

82-037 

160 

.369 

83.6 

3620 

150 

8.5  -  8.6 

82-039 

152 

.538 

L  22.8 

3630 

150 

8.716 

*  Band  edge  measured  on  film  before  shock  arrival. 


B.  Reversibility  and  Chemical  Kinetics 


Shot 

Number 

Cell 

Thickness, 

microns 

Projectile 

Velocity, 

mm/^sec 

Impact 

Pressure, 

kilobars 

Back 

Window, 

mm 

Pressure 

Reversal 

Wave 

Length 

Reversal 

Reaction  rate* 

(1) 

(2) 

320 

.35 

76.7 

2 

yes 

yes 

- 

- 

102 

.34 

76.9 

2 

- 

- 

84-036 

81 

.386 

87.4 

1 

yes 

yes 

- 

25.5 

.3909 

88.6 

11.3 

no 

2.2 

- 

84-045 

18 

.394 

89.3 

3 

yes 

no 

2.4 

6.44 

21 

.3983 

90.2 

2 

yes 

partial 

- 

.. 

19.3 

.4018 

91.1 

3 

yes 

no 

5.3 

23.2 

21 

.411 

93.2 

3 

yes 

no 

6.6 

11.42 

84-051 

26 

ksm 

94.1 

o 

yes 

no+ 

- 

— 

84-028 

43 

.4345 

95.6 

3 

yes 

no 

- 

27.1 

*  There  are  large  uncertainties  in  these  values. 

Band  edge  goes  off  scale  and  does  not  reappear  when  pressure  reverses. 


C.  Effects  of  Changing  Initial  Temperature  on  Band  Edge  Position 


Shot 

Number 

Cell 

Thickness, 

microns 

Projectile 

Velocity, 

mm/^sec 

Impact 

Pressure, 

kilobars 

n 

Grating 
lines /mm 

Initial  Cell 
Temperature, 

*C 

83-022 

174 

0.298 

67.4 

150 

125 
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D.  Dilution  of  CS? 


Shot 

Number 

Cell 

Thickness, 

microns 

Projectile 

Velocity, 

mm/^sec 

Impact 

Pressure, 

kilobars 

Solvent 

CS2 

Concentration, 
Vol.  % 

>,r  ■ 

83-015 

155 

.327 

74.0 

ethanol 

25 

390 

84-014 

310 

.3376 

74 

hexane 

37 

493 

84-017 

163 

.3385 

74.3 

10 

293 

84-026 

157 

.345 

75.6 

it 

1 

16 

84-031 

315±3 

.32 

mi 

n 

3 

134 

85-043 

170 

.317 

69.4 

it 

80 

835 

E.  Thin  Cell  Studies 
(Cooling  of  sample  by  conduction) 


Shot 

Number 

Cell 

Thickness, 

microns 

Projectile 

Velocity, 

mm/psec 

Impact 

Pressure, 

kilobars 

0 

V)*  A. 

Grating 

Hnea/mm 

Writing 

Speed, 

mm/psec 

Effects  of  Cooling 
on  band  edge 
shift 

0.6 

.420 

92.3 

3285 

150 

8.386 

Very  large  reduction  in  A  A 

85-034 

0.8 

0.257 

55.3 

3240 

150 

8.488 

"  •  " 

83-037 

0.9 

0.368 

83.4 

3370 

150 

8.459 

85-052 

1.2 

0.266 

57.5 

- 

300 

— 

■  m  m 

83-041 

5 

0.420 

92.3 

3430 

150 

8.430 

Some  reduction  in  AA 

83-049 

10 

0.417 

91.7 

3470 

150 

8.486 

No  reduction  in  AA 

Ramp  Compression  ] 

83-021* 

1.0 

0.447 

40.5 

150 

8.543 

(338  nsec  rise  time)  -  isothermal 

83-042* 

4 

.449 

41.2 

3370 

150 

8  595 

-  50%  reduction  in  AA 

82-006 

8 

.240 

35 

3390 

87 

(70  nsec  rise  time) 
no  apparent  effect 

84-043* 

30 

.446 

41 

3440 

(340  nsec  rise  time) 
no  cooling  effect 

imoactors.  All  others  were 


Shot  No. 


82-036 


84-038 


85-007 


85-026 


85-004 


85-002 


85-016 


84-009 


85-008 


85-006 


85-023 


85-022 


85-021 


85-009 


85-017 


85-014 


85-028 


85-024 


85-010 


85-030 


85-041 


85-031 


84-053 


84-052 


85-003 


Cell  Thickness 
(micron*) 


Pressure 

(kilobars) 


0 

■1 

oA 

A  A,  A 

A.  No  Carbon  Double  Bonds 


Pure  NM 


"  0125  deg  C 


NM/5wt%  ED 


NM/10wt%  EDA 


ethanol 


n-hexane 


carbon  tet 


acetone 


ethyl  iodide 


B.  1  Carbon  Double  Bond 


Styrene 


122.6 

No 

125 

No 

65 

No 

86 

Yea 

100 

No 

133 

No 

116 

No 

123 

No 

111 

No 

111 

No 

101 

No 

3140  314 


200 


3354  I  850 


3264  810 


2900  >3100  >100 


2900  >3200 


2670  <220 


cis  1,2  - 

dichloroethylene 


1  -  hexene 


acrylonitrile 


89 

58 

Yes  1 

3000  1 

335 

94 

79 

Yea  1 

3010  ' 

450 

109 

110 

No 

2980 

900 

107 

111 

Yes* 

3040 

920 

107 

123 

No 

2950 

1125 

156 

101 

No 

2690 

>255 

158 

101 

No 

2875 

<775 

2  Carbon  Double  Bonds 


155 


2,4  -  hexadiene 


No  I  2880  I  <530 


No 


No  I  2775  670 


D.  Triple  Carbon  Bonds 


2  -  butyne  |  155 


E.  Benzene  Derivatives 


benzene 


nitro  benzene 


vinyl  benzene  (styrene) 


117 

112 

Yet* 

2695 

305 

123 

No 

2693 

112 

135 

No 

3955 

see  (B)  above 
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Table  II.  Other  Materials,  cont’d 

II.  Inorganic  Molecvict 


Shot  No. 

Liquid 

Cell  Thickness 
(microns) 

Preseure 

(kilobars) 

Pressure 

Reversal 

0 

0 

AA,A 

(AA/At^ 

A/naec 

84-040 

Water 

306 

125 

No 

3260  b 

_c 

0 

84-048 

310 

123 

No 

" 

85-033 

Hydrogen  iodide 

161 

120 

No 

3475 

315-1600 

■KHI 

a.  Early  light  loss,  but  band  edge  reversal  is  indicated. 

b.  Cutoff  at  this  wavelength  is  apparently  due  to  impurities. 

c.  Total  extraction  between  about  90  and  1 10  kbars. 

e.  The  first  shock  in  HI  caused  increased  absorption  in  the  red.  The  second  shock  produced 

immediate  and  total  opacity. 

f.  Abnormal  termination  of  record  -  probably  due  to  faulty  sapphire. 

g.  Band  edge  at  2809  A  after  pressure  reverted  to  zero. 

0 

h.  Band  edge  is  displaced  upward  approximately  1 3  A  after  pressure  returned  to  zero. 

0 

i.  Band  edge  is  displaced  upward  approximately  240  A  after  pressure  returned  to  zero. 

j.  Unusual  features  in  this  record  suggest  that  there  may  have  been  artifacts  from  faulty  sapphire. 

k.  No  change  observed. 

m.  Immediate  reaction  produced  total  opacity. 

n.  Band  edge  position  oscillated  after  impact  pressure  was  reached, 
p.  Inhibitor  was  removed  by  distillation. 

NM  denotes  nitromethane. 

EDA  denotes  ethyl  diamine. 


PRESSURE  y  K.BAR 


n g.  4b.  Abaocption  spectra  of  •  0J2  am  layer  of  CS*  between  two  sapphire  plates  shocked  to  77 
kber  (14-006).  Time  increases  from  bottom  to  top;  wavelength  increases  from  right  to  left. 
Impact  ocean  at  t  •  0. 


DELTA  X 
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Fig.  6.  Reversibility  threshold  and  reaction  kinetics  tor  CS^  shocked  to  different  pressures  '.number' 
associated  with  the  individual  curves  are  imDact  Dressures  in  kbnrsi 
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